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Abstract 
In this paper, a novel composite sorbent “lithium chloride in silica gel pores” is 
proposed for application in solar-powered adsorptive ice makers. A mathematical model 
was used in order to calculate the performance of an ice-maker using this material as 
adsorbent and methanol as adsorbate. The results of the model showed that a maximum 
solar Coefficient Of Performance (COPs) of 0.33 and a maximum Daily Ice Production 
(DIP) of 20 kg m-2 can be obtained for an ice-maker equipped with a solar collector area 
of 1.5 m2 and 36 kg of adsorbent material. Such performance are noticeably higher than 
those obtained using commercial activated carbon, that is the adsorbent mostly 
proposed till now. 
 
Keywords: Adsorption cooling; Solar ice-maker; Lithium Chloride in silica gel pores; 
Activated carbon; Dynamic simulation  
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Nomenclature 
Ai (i=1-5, 9) Heat transfer surface, m2  
c Specific heat, J kg-1 K-1 
COPs Solar Coefficient Of Performance 
DIP Daily Ice Production, kg 
Iβ Available solar radiation @ β=30°, 
 W m-2 
Ki (i=1-3) Flag: 0 or 1 (see Eqs. (2) and  (9)) 
La Adsorbate latent heat of 
 condensation/evaporation J kg-1 
Lw Water latent heat of solidification, 
 J kg-1 
m Mass, kg 
ma Initial adsorbate mass inside 
 evaporator, kg  
mw Liquid water mass, kg 
n Solar collector area, m2 
p Pressure, Pa  
T Temperature, K  
t Time, s  
tcycle Cycle time, s  
Ui (i=1-9) Global heat transfer coefficient, 
 W m-2 K-1  
w Uptake, kg kg-1  
 
Greek letters 
(τα)eff Transmittance/absorptivity 
 coefficient 
∆H Adsorption/desorption enthalpy, 
 J kg-1  
∆T Variation of temperature, K 
∆w Variation of uptake, kg kg-1 
 
Subscripts 
1 Solar collector/environment 
2 Solar collector/adsorbent 
3 Condenser/environment 
4 Evaporator/liquid water 
5 Environment/liquid water 
6 Evaporator/phase-changing water 
7 Evaporator/solid water 
8 Environment/solid water 
9 Evaporator/environment 
a Adsorbate  
ads Adsorption  
amb Ambient 
c Condenser 
des Desorption 
eq Equivalent 
ev Evaporator 
ice Iced water 
lw Liquid water 
m Solar collector 
s Solid adsorbent material (dry)  
w Water  
β Tilt angle  
 
Superscripts 
C Closed ventilation windows 
O Open ventilation windows 
 
1. Introduction 
A solar-powered adsorptive ice-maker consists of a small size adsorbent reactor 
connected to a solar collector, for regeneration of the sorbent material during the day, 
and connected to an evaporator, for ice production during the night [1-2]. Different 
prototypes were realized, showing the potentiality of this technology [2-5].  
In particular, Sumathy and Li [2-3] designed and tested in Hong Kong a solar 
adsorption ice-maker with a single flat-plate collector (0.92 m2 exposed area), based on 
activated carbon/methanol pair. Their experiments showed that this system can produce 
4.3-5.4 kg m-2 day-1 of ice, with a solar COP of 0.10-0.12. These values are in good 
agreement with those reported by M. Li [4] for a similar flat-plate ice-maker tested in 
Shanghai: 4.7-6.7 kg m-2 day-1 of ice and a COP of 0.12-0.15, for a solar collector of 
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0.75 m2.  Anyanwu and Ezekwe [5] designed, constructed and tested in Nsukka, 
Nigeria, a flat-type solar adsorption refrigerator using activated carbon/methanol, with 
effective exposed area of 1.2 m2. They obtained a maximum  solar COP of 0.02, but this 
low value was attributed to the “non-selective collector plate surface coating used”. 
Recently, Khattab [6] proposed and tested an innovative modular ice-maker with the 
adsorbent (granular carbon bonded with blackened  steel) placed in a glass container, 
positioned between reflector panels. This system, using methanol as adsorbate, provided 
a COP of 0.16 and a daily ice production of 9.4 kg m-2 day-1. S.G. Wang and R.Z. Wang 
[7] reported a COP of 0.18 for a sophisticated two-bed adsorption prototype ice-making 
machine operating with heat and mass recovery and based on activated carbon/methanol 
pair.      
Several authors estimated the performance of adsorption ice-makers by mathematical 
modelling [8-13]. The solar COP and the DIP calculated by simulations ranged between 
0.10-0.12 and 4-10 kg m-2 day-1, respectively. Such results are in good agreement with 
those obtained by testing experimental prototypes.  
It must be pointed out that most of the ice-makers presented in literature use 
conventional activated carbon as adsorbent. The adsorption capacity of activated 
carbons is rather low and usually does not exceed 30-40 wt.%.  
The utilization of novel adsorbent materials with improved methanol sorption ability 
can be an efficient way to increase the performance of the system. Recently, the 
Boreskov Institute of Catalysis, Novosibirsk, Russia in collaboration with the CNR-
ITAE, Messina, Italy, developed a new class of methanol composite sorbents  [14, 15]. 
This new class of sorbents is directly derived by the SWSs (Selective Water Sorbents; 
i.e. a composite materials consisting of “inorganic salts confined to porous matrices”), 
that have already been proposed for water vapour sorption [16]. The synthesised 
composite sorbents demonstrated a strong affinity to methanol. Indeed, the maximal 
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amount of methanol sorbed wmax=75-80 wt.% exhibited by some composites is much 
higher that the methanol sorption capacity of conventional activated carbons [17]. This 
great enhancement of adsorptivity is due to the high contribution of methanol 
absorption by the salt embedded in the silica gel porous matrix (see [15] for details). 
Among the different composites synthesised, the sorbent “Lithium Chloride in 
mesoporous silica gel” (2-50 nm pore diameter) appeared to be the best candidate for 
sorption cooling driven by a low temperature energy source [18]. 
The aim of this paper is to evaluate the performance of a solar-powered adsorptive ice-
maker using the novel composite “Lithium Chloride in mesoporous silica gel” by 
applying the simulation tool presented in Ref. [19]. 
The model makes it possible to calculate the performance of the unit in terms of solar 
Coefficient Of Performance (COPs), Daily Ice Production (DIP) and equivalent Daily 
Ice Production (DIPeq). The obtained performance are compared with those 
corresponding to the commercial adsorbent activated carbon AC35. In the first part of 
the paper, the main features of the composite sorbent and of the simulated adsorptive 
unit are presented. Then, performance of the adsorptive ice-maker are calculated. 
 
2. Main features of the composite sorbent “Lithium Chloride in mesoporous silica 
gel” 
The composite sorbent “Lithium Chloride in mesoporous silica gel” (salt content 29.5 
wt.%) was synthesised by impregnation of silica gel Grace Davison 8926.02 (average 
pore diameter dav = 15 nm, specific surface Ssp = 326 m2 g-1, pore volume Vp = 1.5 cm3 
g-1) with an aqueous solution of Lithium Chloride. More details on the synthesis 
procedure were presented by Gordeeva et al. [15]. Figure 1 shows the basic 
thermodynamic cycles for an adsorption air conditioner (Tev=10 °C, Tc=Tads=35 °C, 
Tdes=80 °C) and an ice-maker (Tev=−2 °C, Tc=Tads=30 °C, Tdes=80 °C) using the 
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composite “Lithium Chloride in mesoporous silica” and the commercial activated 
carbon AC35. 
The cycles are plotted over an isosteric diagram that was obtained from the 
experimental equilibrium data presented in Refs. [15, 20] (only the significant isosters 
are plotted). It is evident that this novel composite sorbent presents an outstanding 
variation of methanol uptake per cycle (Δw= 46 wt.% and 18 wt.% for air conditioning 
and ice-making, respectively), which is much larger than those of the conventional 
carbon AC35 (Δw= 11 wt.% and 9 wt.% for air conditioning and ice-making, 
respectively). This is a convenient feature, because the performance of adsorptive 
machines increase when the amount of cycled working fluid increases [17].  
The stability of adsorbent is of primary importance for evaluation of practical potential. 
Study on the phase composition, porous structure, and sorption properties of both the 
fresh and tested composites showed that no significant change, in composite structure 
and sorption ability, occurs during the cycling. Further details can be found in [21]. 
Furthermore, the stability to the cyclic treatment has been verified for this typology of 
materials [22]. A stability of the porous structure of the solid adsorbent, identical to the 
material studied in this paper, has been evidenced, even after thousands of cycles.       
 
3. Description of the ice-maker 
The scheme of the solar-powered adsorptive ice-maker is presented in Fig. 2. It consists 
of the following components: a solar collector, in which the adsorbent material is 
embedded; a condenser for the methanol condensation and the heat rejection to the 
ambient during the day; a “cold chamber”, containing the evaporator for the methanol 
evaporation and the liquid water to be frozen during the night.  
 6 
We selected a flat planar panel because the proposed working pair is able to efficiently 
work with this type of solar collector. Moreover, the niche application for this system 
(ice production in remote areas) asks for employment of cheap components.     
During the day, the solar energy received by the collector produces the desorption of 
methanol from the sorbent bed. Methanol vapour flows to the condenser, condenses, 
and then is collected inside the receiver. During this phase the valves V1 and V2 are 
closed (see Fig. 2). In the late afternoon the valve V1 is opened, and the liquid methanol 
flows from the receiver to the evaporator. Then, V1 is closed and V2 is opened for the 
whole night, allowing adsorption of methanol by the sorbent layer. The evaporation of 
methanol inside the cold chamber cools down the liquid water, which is converted into 
ice. 
The adsorbent/adsorbate working pair follows the typical adsorptive cycle, consisting of 
four phases [23]: I) isosteric heating until the pressure reaches pc; II) desorption at high 
temperature and pressure of condensation; III) isosteric cooling until the pressure 
decreases down to pev; IV) adsorption at low temperature and pressure of evaporation. 
During this last phase, three sub-steps may occur: IVa) cooling of the liquid water 
inside the cold box, IVb) freezing of the liquid water, IVc) under-cooling of the ice. 
 
4. Modelling 
The model is of dynamic type and is based on energy and mass balances for the 
adsorbent reactor and the connected components. The main governing equations are:  
Solar collector: 
( ) ( ) ( )ambmOCsmmmmeff TTAUTTAUdt
dT
cmI n −+−+= 1122βατ       (1), 
where OCU1  is equal to 
CU1  or 
OU1  for heating and cooling phases, respectively. 
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Adsorbent bed: 
( ) ( ) ( )
dt
dwwHm K
dt
dT
cwmcmTTAU s
s
assssm ∆−+=− 122    (2), 
with K1=0 for isosteric phases and K1=1 for isobaric phases. 
Condenser: 
( ) ( )ambccccsca TTAU dt
dT
c m
dt
dwmTL −−−= 33                        (3), 
Evaporator: 
( ) ( ) ( )[ ] ( )ambevevasaevevwevseva TTAU dt
dT
cm wm c mTTAU 
dt
dwmTL −−∆−+−−−= 994α
             (4), 
Water/ice heat and mass balances: 
( ) ( )ambwwevwww TTAUTTAUdt
dT
cm −+−= 54 βα             (5), 
( )
dt
dwmTL
dt
dm
L seva
ice
w =                 (6), 
where 4UU =α , 5UU =β  and lww cc =  for Step IVa;   
6UU =α  for Step IVb;   
7UU =α , 8UU =β  and icew cc =  for Step IVc. 
Further supplementary equations are reported in a previous paper [19].   
The accompanying initial conditions and starting values are: 
( ) ( ) ( )
( )
( )



=
=
==
20
0
000
ww 
pp
T TT
evs
ambsm
              (7), 
( )
( ) ( )
( )



=
==
=
0
)(
4
033
11
aice
,evwev
ambc
tm 
TtTtT
tTtT
              (8), 
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where pev is calculated from the initial evaporator temperature, w2 is calculated from the 
initial temperature and pressure of the adsorber, t1 is the time of the end of Phase I (and 
start of Phase II), t3 is the time of the end of Phase III (and start of Step IVa), t4a is the 
time of the end of Step IVa (and start of Step IVb) and 0,evT  is the initial evaporator 
temperature. 
Depending on the phase of the thermodynamic cycle, only a certain number of the 
previous equations (1)-(6) is applied and the relative coefficients/parameters assume a 
different form (see [19] for details). 
The end phase conditions are the following: 
Phase I: cs pp = ;      Phase II: Iβ<100 W m-2  or w≤ 2%;      Phase III: evs pp = ; 
Step IVa: Tw=0 or t=24 h;    Step IVb:  wice mm =  or t=24 h;    Step IVc: t=24 h. 
Furthermore, for each day, the corresponding solar Coefficient Of Performance (COPs) 
is calculated as: 
( )∫
∆++∆
==
cyclet
0
IVc stepwicewwiceIVa stepwlww
dt tI n
T c m KL m KT c m
energy olar sAvailable
effect UsefulCOPs 
β
32
            (9), 
where K2=0 and/or K3=0 when Step IVb and/or IVc does not occur. 
This definition of solar COP is identical to that reported in other literature works (see, in 
particular, Refs. [5] and [24]). 
The Daily Ice Production (DIP) and its equivalent value (DIPeq), which accounts for the 
equivalent mass of ice corresponding to the possible under-cooling of the ice, are given 
by 
icem KDIP 2=                 (10), 
and      
 9 







 ∆
+=
wice
IVc stepwicew
eq L m
T c m
 DIPDIP 1                    (11). 
The model equations were numerically solved by using a commercial software 
(Mathematica 4.0 by Wolfram Research) for ordinary differential equation (ODE) 
systems, based on a function which automatically switches between stiff (Gear) and 
non-stiff (Adams) integration methods [25]. 
  
5. Results and comments 
5.1. Results of a base-case 
A base-case was assumed considering an adsorption ice-maker with a solar collector 
area n=1.5 m2, mass of adsorbent material ms= 36 kg, mass of liquid water inside the 
cold chamber mw=20 kg. The simulations were carried out for a long period, considering 
as adsorbent material the activated carbon AC35 and the composite sorbent “lithium 
chloride in silica gel pores”. Results are here presented for a few days of an intermediate 
season. Figure 3 shows the values of the dynamic data (useful solar radiation Iβ  and 
ambient temperature Tamb) for the six-day period considered for simulations (May 1-6, 
2005). The data were recorded by a meteo-station installed at the CNR-ITAE in 
Messina, Italy (38° 12’ N). From this figure, it results that the daily ambient temperature 
ranges from 13.7 °C to 23.6 °C; while the daily average useful solar radiation is about 
500 W m-2, with a maximum daily radiation ranging from 970 W m-2 to 1055 W m-2. 
The third day, i.e. May 3, 2005 showed the lowest ambient temperature, but the day that 
exhibits the most instable climatic conditions is May 6, 2005. 
 In Figs. 4 and 5 the calculated temperatures of the adsorbent material and of the 
condenser are presented for the activated carbon AC35 and the “LiCl silica gel” sorbent, 
respectively. Figure 4 shows that the maximum daily temperature reached by the 
activated carbon is 78°C (on May the 2nd), while the lowest daily temperature is 57°C, 
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due to the unfavourable conditions on May the 6th. The condenser temperature was 
always slightly higher than the ambient temperature. 
The temperature evolution calculated for the composite sorbent “LiCl in silica gel” is 
rather different (see Fig. 5). Indeed, the sorbent maximum daily temperature is lower, 
ranging from 47°C to 57°C. This effect can be explained considering that a big part of 
the incoming radiant energy is required for rejection of the high amount of methanol 
sorbed by the composite. Besides, the higher content of methanol inside the adsorbent 
bed leads to higher thermal capacity, which contributes to increase the sensible heat of 
the system. 
Correspondingly, the methanol uptake variation per day, ∆w, ranged from 9 to 20 wt.%, 
for the case of AC35, and from 20 to 35 wt.%, for the case of the composite sorbent 
“LiCl in silica gel”. This confirms the better sorption properties for the proposed 
sorbent with respect to the commercial carbon. 
Figures 6, 7 show the calculated values of the temperature of methanol inside the 
evaporator and the mass of water converted into ice, inside the cold chamber. It can be 
observed that the system based on activated carbon (Fig. 6) is not able to produce 20 kg 
(i.e. 13.3 kg m-2) of ice every day, and the corresponding temperature is higher than −5 
°C. On the contrary, the system based on “LiCl in silica gel” (Fig. 7) demonstrated a 
capability of Daily Ice Production of 20 kg and a lower evaporation temperature (−10 
°C is the minimum).  Only for the first day the DIP is lower than 20 kg (18.6 kg, i.e. 
12.4 kg m-2); this is due to the low adsorbent temperature (see Fig. 5) and the 
corresponding high uptake, that are affected by the weather conditions of the previous 
(not represented) days. The temperature of the water in the cold chamber is almost 
coincident with that of evaporation, due to the good thermal contact between liquid 
methanol and water.  
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Inspection of Fig. 7 shows that, in the case of the system based on “LiCl in silica gel”, 
the evaporator is significantly under-cooled after the production of 20 kg of ice. 
Subsequently, it can be argued that this system could be able to produce a further 
amount of ice (i.e., more than 20 kg day-1=13.3 kg m-2 day-1). Therefore the potentiality 
of this material, for ice-making applications, deserves a deeper investigation that is 
described in the next paragraph.     
 
5.2. Calculation of performance 
The performance were calculated considering an ice-maker with the same design of the 
above described base-case and different amounts of liquid water to be frozen. The Daily 
Ice Production (DIP), its equivalent value (DIPeq) and the daily Coefficient Of 
Performance (COPs), were calculated according to Eqs. (9)-(11). Afterwards, the 
average values of these parameters ( DIP , eqDIP  and COPs ), corresponding to the 
whole period considered for simulations, were determined. Figure 8 reports the eqDIP  
(in kg m-2) calculated for the two adsorbents. The values of ice production calculated for 
the system based on activated carbon/methanol pair (7.5-11 kg m-2 day-1) are in good 
agreement with the values reported in literature for this configuration [7, 12-13]. It is 
evident that the adsorption ice-maker based on AC35 provides a maximum of 11 kg m-2 
day-1 of ice, due to the limited adsorption capacity of the carbon. Furthermore, this 
value decreases when the amount of liquid water in the cold chamber increases, due to 
the higher liquid water sensible heat.  
Thus the optimum amount of liquid water to put in the cold box is about 19 kg for the 
AC35-CH3OH pair. This value is much higher (about 37 kg of water) for the LiCl-
CH3OH pair, with a corresponding maximum of 20 kg m-2 day-1 of ice production. This 
is evidently due to the higher adsorption capacity of the composite sorbent. 
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Figure 9 reports the COPs  calculated for the two adsorbents. It results that the average 
solar COP corresponding to the system using activated carbon is equal to 0.17, 
independently on the liquid water mass. This result, which is coherent with the values 
reported by other authors [6, 7, 10, 12], confirms that the use of activated carbon cannot 
ensure the design of a highly performing adsorption ice-maker. Differently, the COPs of 
the system based on Lithium Chloride increases when liquid water mass increases, and 
reaches a noticeable value of 0.33, which is almost twice the maximum value obtained 
for AC35. 
These results clearly demonstrate that  the outstanding methanol sorption properties of 
the composite sorbent “LiCl in silica gel” make possible the realization of an adsorption 
ice-maker which performs much better than the units previously proposed in literature 
and that is potentially attractive for the niche-market of the solar cooling in remote 
areas. 
The COP and DIP values previously reported in literature for activated carbon/methanol 
systems represent a preliminary validation of the proposed model, which should be 
definitely accomplished when the measured performance parameters of a prototype, 
based also on the other adsorbent/adsorbate pair, will be available. This will be done in 
a following paper.      
 
6. Conclusions 
This study evidences that the utilization of innovative adsorbent materials with high 
sorption ability can improve the performance of adsorptive cooling systems. In 
particular, it was shown that the novel composite sorbent “Lithium Chloride in silica gel 
pores” makes it possible to design highly efficient solar-powered adsorptive ice-makers. 
Indeed, mathematical modelling demonstrated that a maximum solar Coefficient Of 
Performance (COPs) of 0.33 and a maximum Daily Ice Production (DIP) of 20 kg m-2 
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can be obtained for an ice-maker using a solar collector area of 1.5 m2 and 36 kg of 
“Lithium Chloride in silica gel pores” sorbent. Such performance are more than 80% 
higher than those obtained using common activated carbon. 
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FIGURE CAPTIONS 
 
Figure 1:  Comparison between the composite sorbent “Lithium Chloride in 
mesoporous silica gel” and the activated carbon AC35, in terms of air 
conditioning  and ice-making  cycles. 
Figure 2:  Scheme of the solar-powered adsorptive ice-maker. 
Figure 3:  Ambient temperature and solar radiation recorded in May 1-6, 2005. 
Figure 4:  Condenser and adsorbent temperature, calculated for activated carbon and 
20 kg of liquid water. 
Figure 5:  Condenser and adsorbent temperature,  calculated for LiCl in silica gel and 
20 kg of liquid water. 
Figure 6:  Evaporator temperature and mass of ice calculated for activated carbon and 
20 kg of liquid water. 
Figure 7:  Evaporator temperature and mass of ice calculated for LiCl in silica gel 
and 20 kg of liquid water. 
Figure 8:  Equivalent Daily Ice Production vs. liquid water mass, calculated for the 
two adsorbents. 
Figure 9:  Average Solar Coefficient Of Performance vs. liquid water mass, 
calculated for the two adsorbents.  
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